Germinal centers (GCs) are sites of B-cell clonal expansion, hypermutation, and selection. GCs are polarized into dark (DZ) and light zones (LZ), a distinction that is of key importance to GC selection. However, the difference between the B cells in each of these zones in humans remains unclear. We show that, as in mice, CXCR4 and CD83 can be used to distinguish human LZ and DZ cells. Using these markers, we show that LZ and DZ cells in mice and humans differ only in the expression of characteristic "activation" and "proliferation" programs, suggesting that these populations represent alternating states of a single-cell type rather than distinct differentiation stages. In addition, LZ/DZ transcriptional profiling shows that, with the exception of "molecular" Burkitt lymphomas, nearly all human B-cell malignancies closely resemble LZ cells, which has important implications for our understanding of the molecular programs of lymphomagenesis. (Blood. 2012;120(11) : 2240-2248)
Introduction
Germinal centers (GCs) are microanatomic structures that develop in secondary lymphoid organs in response to antigenic stimulation. [1] [2] [3] GCs are essential to the development and selection of B cells expressing high-affinity immunoglobulins (Ig) because they are the site of somatic hypermutation and class switch recombination. Both of these reactions are initiated by activation-induced cytidine deaminase (AID), an enzyme that deaminates cytidine to uracyl in single-stranded DNA. 4 However, AID targeting is not entirely specific to the Ig locus, and can cause mutations in oncogenes [5] [6] [7] [8] or double-strand DNA breaks that lead to genomic instability and translocation. [9] [10] [11] These aberrant events are thought to be at the origin of most types of mature B-cell lymphoma. 12 Earlier histologic observations, many of which were carried out using human tonsil samples, classified GC B-cells into 2 cell types (centroblasts and centrocytes) based on morphologic criteria, such as size and nuclear contour. [13] [14] [15] Within a fully developed GC, centroblasts and centrocytes would distribute preferentially to opposite poles of this structure: a centrocyte-rich light zone (LZ), proximal to the lymph node capsule or spleen red pulp; and a centroblast-rich dark zone (DZ), proximal to the T-cell area. 2 In contrast, recent studies done in mice using techniques such as 2-photon microscopy and in situ photoactivation have shown that B cells in the LZ and DZ of mouse lymph node GCs are much more similar than traditional models suggest. [16] [17] [18] [19] These observations raised questions as to the extent to which the polarization observed in human GC B cells was fully recapitulated in the mouse.
We have demonstrated that, in mice, staining for a combination of CD83 or CD86 with CXCR4 defines 2 subsets of GC cells by flow cytometry that corresponded to anatomically defined LZ and DZ populations. 17 Here we show that expression of CXCR4 and CD83 also distinguishes LZ and DZ populations in humans. Although the number of genes differentially expressed between LZ and DZ populations is limited, these differences are highly conserved between species, as is the polarization of cell division toward the DZ. Using a common signature of LZ/DZ phenotypes derived from overlaying mouse and human data, we find that, with the exception of a small subset of "molecular" Burkitt lymphomas (mBLs), 20 most human mature B-cell lymphomas resemble LZ rather than DZ GC cells.
Methods

Specimens
Tonsils were obtained from routine tonsillectomies performed at the Babies and Children's Hospital of Columbia-Presbyterian Medical Center. Samples were exempt from informed consent for being fully anonymous residual material obtained after diagnosis. All procedures were approved by the institutional ethics committee. Samples were placed on ice immediately after surgical removal. Tonsillar mononuclear cells (MCs) were isolated by mincing of tissues in RPMI medium followed by Ficoll-Isopaque density centrifugation.
Mice and immunizations
C57BL/6 mice were obtained from The Jackson Laboratory. AID Ϫ/Ϫ mice on a C57BL/6 background were bred and maintained at the Rockefeller University. To generate GCs, mice were immunized subcutaneously with 50 g 4-hydroxy,3-nitrophenylacetyl conjugated to keyhole limpet hemocyanin (Biosearch) precipitated in one-third volume of alum (Imject Alum; ThermoScientific) and killed on days 10-12 after immunization. Cells were harvested by forcing draining lymph nodes through a 70-m nylon mesh into RPMI media supplemented with 6% FCS and 1mM EDTA on ice.
Flow cytometry and cell sorting
Cells were resuspended in PBS supplemented with 0.5% BSA and 1mM EDTA (FACS buffer) and stained with the reagents indicated in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article) for 30 minutes at 4°C. Mouse cell suspensions were preincubated with anti-mouse CD16/32 (FcBlock, clone 93, eBioscience) for 5 minutes before addition of the primary stain. Stained cell suspensions were analyzed using a BD LSR Fortessa flow cytometer or sorted using a BD FACSAria cell sorter. For DNA content analysis, cells were fixed with Cytofix/Cytoperm (BD Biosciences) for 15 minutes at room temperature and incubated with 200 ng/mL 4Ј,6-diamidino-2-phenylindole, dihydrochloride (DAPI) in BD Perm/Wash (BD Biosciences) for 5 minutes at room temperature and washed once with BD Perm/Wash before resuspension in FACS buffer. Samples were read at a maximum of 1500 events per second.
Tissue immunofluorescence
For CXCR4 and CD86 staining, tonsil samples were fixed for 1 hour in PBS/4% paraformaldehyde/10% sucrose followed by overnight incubation in 30% sucrose, then embedded in OCT (TissueTek) and stored at Ϫ80°C. Frozen samples were cut into 20-m sections using a cryostat and stained as described previously. 17 For the remaining stains, samples were fixed overnight in 10% buffered formalin and postfixed in 70% ethanol overnight before embedding in paraffin. The 3-m sections were dewaxed in xylene and rehydrated in decreasing concentrations of ethanol. Antigen was unmasked by heat-induced antigen retrieval in citrate buffer (pH 6.0) in a pressure cooker for 15 minutes. Stainings were performed as described, 21 with minor modifications. Endogenous peroxidase and biotin were blocked as described, and samples were further blocked in PBS-0.5%/Tween-3%/ BSA-5% goat serum for 1 hour at room temperature. All primary antibody incubations were done overnight at room temperature. For double CD23/ CD83 staining, CD23 antibody was directly labeled with Fab-FITC complexes as per the manufacturer's instructions (Zenon labeling kit, Invitrogen) and added to the sample after blocking the first secondary anti-mouse antibody with MOM Ig block (Vector). Antibody details are provided in supplemental Table 2 .
Microscopy
Stained tissue sections were imaged either on a Zeiss LSM 510 confocal microscope with 488, 543, and 633 nm excitation lines (Rockefeller University Bio-Imaging Resource Center) using a Plan-Apochromat 20ϫ (NA 0.75) objective or on a Nikon Eclipse E400 fluorescence microscope, equipped with a Cool SNAP EZ Camera (Photometrics) and Nikon NIS-Elements Imaging Software, using a Plan-Apo VC 20ϫ objective (NA 0.75).
RNA extraction
Both mouse and human LZ/DZ cell samples were resuspended in Trizol after FACS sorting, and RNA isolated as per manufacturer's instructions by addition of chloroform. Total RNA was further purified using RNAeasy columns (QIAGEN). RNA integrity was assessed using a BioAnalyzer (Agilent), and samples with RNA integrity number (RIN) Ͼ 9 were processed for gene expression profiling.
Microarrays
A total of 50 ng of total RNA was amplified, labeled, and fragmented using the 3ЈIVT Affymetrix Express Kit (Affymetrix) following the manufacturer's instructions. Labeled and fragmented cRNA was hybridized on Affymetrix U133Plus2 arrays (human samples) or Affymetrix Mouse 430_2 arrays, as per the manufacturer's instructions. Hybridization images were obtained using an Affymetrix GeneChip Scanner 3000 7G, connected to Command Console software. Row analysis was performed using the Affymetrix Expression (Herbert Irving Cancer Research Center Genomics Facility, Columbia University Medical Center). All microarray analyses were performed in quadruplicate (4 different patients or pools of mice).
Microarray analysis
Intensity (CEL) files were extracted using the Affymetrix Console software and normalized using the RMA or MAS Version 5.0 algorithms. Unsupervised clustering analysis of MAS Version 5.0 normalized raw data were performed using a an average linkage method implemented in a clustering algorithm previously described in Klein et al. 22 Cluster distances are based on Euclidean metrics, and were calculated by using only genes that were differentially expressed Ͼ 1.5-fold among samples. For scatter and volcano plots, RMA-normalized data were processed using Microsoft Excel 2008 to determine mean expression, fold change, and P values (Student t test). Graphs were plotted using Graphpad Prism Version 5.0. Expression heat maps were generated using MultiExperiment Viewer (MeV Version 4.8), part of the TM4 Microarray Software Suite. 23 Hierarchical clustering trees in (see Figures 5 and 6;  supplemental Figures 6 and 7) were generated using geWorkBench (Version 2.2.2; http://www.geworkbench.org), developed at Columbia University (NIH Roadmap Initiative, 1U54CA121852-01A1) and the National Cancer Institute. 24 Data were collapsed to Official Gene Symbol using the maximum of probes, and hierarchical clustering built using Pearson's metrics and total linkage algorithms. Fold changes between zones are calculated for each pair of samples from the same individual (human) or pool (mice; eg, LZ1/DZ1, LZ2/DZ2). Consensus clustering and Class Prediction analyses of tumor samples, as shown in Figures 5 and 6 , were performed with tools available at the GenePattern server. 25 Consensus clustering was achieved using 1000 iterations and a Total Linkage clustering algorithm. 26 The relatedness of primary tumor samples and cell lines to the LZ or DZ phenotypes was estimated using the Weighted Voting class prediction tool 27 (classifier based on 30 markers) or the Class Prediction Tool based on the SPLASH algorithm (classifier built the complete set of LZ/DZ differentially expressed genes, 2% delta, full support), part of the BlueGenes and Genes@Work microarray software packages, as described. 22, 28 The microarray data described in this publication have been deposited in NCBI's Gene Expression Omnibus under accession no. GSE38696 and GSE38697.
Ig gene sequencing
DNA was extracted from sorted tonsil LZ or DZ cells and amplified as previously described. 29 Pooled PCR products were cloned using TOPO TA cloning kit (Invitrogen), and bacterial colonies were PCR-amplified and sequenced. Sequences were analyzed using the NCBI IgBLAST tool.
Statistical analysis
The distribution of the number of mutations per V-region and of silent/ replacement ratios was compared between LZ and DZ for all sequences pooled or for each individual patient using the Student t test. Silent/ replacement ratio was used rather than replacement to silent ratio to avoid division by zero (many individual sequences had zero silent mutations). The significance of the distribution of tumor cases into classes was calculated by 2 test using GraphPad Prism Version 5.0 software. The statistics provided for gene set enrichment analysis (GSEA; including P value, normalized P value, and false discovery rate) were calculated by the GSEA software. 30 Statistical treatment of microarray data are described above.
Results
Expression of CXCR4 and CD83 identifies LZ and DZ B-cell populations in human tonsil GCs
In the mouse, LZ and DZ GC cells can be distinguished by flow cytometry by their expression of activation markers CD83 and CD86 and of chemokine receptor CXCR4. LZ cells are CD83 hi CXCR4 lo or CD86 hi CXCR4 lo , and DZ cells are CD83 lo CXCR4 hi or CD86 lo CXCR4 hi . 17 To determine whether the same populations could be discerned in human GCs, we stained mononuclear cell suspensions obtained from pediatric human tonsil HUMAN GERMINAL CENTER B-CELL SUBSETS AND LYMPHOMA 2241 BLOOD, 13 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 11 For personal use only. on October 29, 2017. by guest www.bloodjournal.org From samples with antibodies to these markers ( Figure 1A ; supplemental Figure 1A ). As in the mouse, staining of human GC B cells with antibodies to CXCR4 and CD83 results in a continuum of expression of the 2 markers with a clear inflection point between CXCR4 hi CD83 lo (DZ) and CXCR4 lo CD83 hi (LZ) cells that is sufficient to delineate 2 cell populations with an approximately 2:1 ratio ( Figure 1A , and compare with Victora et al. 17 Separation of these populations using CD86 instead of CD83 was less clear in humans, mostly because human CXCR4 hi cells did not downregulate CD86 to the same extent as their mouse counterparts (supplemental Figure 1B ). To confirm that expression of these markers corresponded to anatomic location in humans, we stained tonsil or reactive lymph node sections with antibodies to CXCR4, CD83, and CD86. Histologic examination confirmed higher expression of CXCR4 in the DZ and higher expression of CD83 and CD86 in the LZ ( Figure 1B-D) .
Human LZ and DZ populations defined by expression of CD83 and CXCR4 resembled their mouse counterparts in terms of DNA content. Whereas close to 30% of mouse and human DZ cells are in the S/G 2 /M phases of the cell cycle, only 10% to 15% of LZ cells were after G 1 (Figure 2A ). As previously reported in mice, 17 the LZ compartment is nearly devoid of cells in G 2 /M (Figure 2A ), suggesting that B cells leave the LZ before completion of the cell cycle. In addition, as in the mouse, LZ and DZ cells were equivalent in terms of size and complexity, as measured by forward and side scatter, respectively ( Figure 2B ). This finding was unexpected given the traditional view of large centroblasts and small centrocytes.
To extend the comparison to other markers, we measured expression of surface molecules known to differ between mouse LZ and DZ B cells. 17 Human LZ cells expressed slightly higher levels of surface immunoglobulin and chemokine receptor CXCR5 and substantially higher levels of CD86 than DZ cells ( Figure 2C ). Also conserved was the presence in the DZ of a subpopulation of cells with slightly lower expression of MHC class II ( Figure 2C ). Other molecules up-regulated in mouse LZ cells, 17 including CD69, CCR6, and CD23, could not be detected in human GCs, regardless of compartment (supplemental Figure 1C ). We then analyzed human LZ and DZ populations for their expression of the cell-surface glycolipid CD77 and the adhesion receptor CD44, 2 markers classically thought to distinguish between centrocytes and centroblasts. [31] [32] [33] Neither marker was capable of distinguishing between the 2 cell populations ( Figure 2D) . Surprisingly, CD27, a marker traditionally associated with memory B cells, 34 was expressed to substantially higher levels in DZ cells ( Figure 2D ). Expression of all markers analyzed by flow cytometry was highly reproducible between different human samples ( Figure 2E ).
Using a set of primers that captures all heavy chain V segments, 29 we sequenced VDJ rearrangements from clones of B cells sorted from LZ and DZ to determine whether there were differences in the number, position and nature of mutations in the 2 zones. As expected from the rapid exchange of cells between the LZ and DZ compartments observed in vivo in the mouse, 17 no substantial differences in terms of mutations were found between human LZ and DZ cells (supplemental Table 3 ).
Gene expression in human and mouse light and dark zone B cells
To investigate whether the transcriptional programs associated with localization to LZ or DZ are conserved between mouse and human GCs, we performed gene expression profiling by microarray on LZ and DZ cells sorted from human tonsils (supplemental Figure 1A) . As a comparison, we also performed microarray analysis on LZ and DZ cells sorted from mouse skin-draining lymph nodes 12 days after subcutaneous immunization with 4-hydroxy,3nitrophenylacetyl conjugated to keyhole limpet hemocyanin (supplemental Figure 1A mouse LZ and DZ obtained using this immunization strategy were essentially identical to those obtained by in situ photoactivation, 17 further confirming the validity of CXCR4 and CD83 as markers of LZ/DZ location in mouse (supplemental Figure 2A-B ). Unsupervised hierarchical clustering of mouse and human samples indicated that differences between the LZ and DZ states were robust enough to be reproducible among different subjects in both species ( Figure 3A ). However, as reported in mice, 17 the number of genes differentially expressed between LZ and DZ B cells was limited, especially compared with the differences in gene expression between naive and GC B cells or between GC B cells and plasma cells (data obtained from Luckey et al 35 and Longo et al 36 ; Figure 3B ). Thus, although LZ and DZ cells are sufficiently different to be robustly distinguishable by gene expression in both humans and mice, this difference is much smaller in magnitude than differences resulting from true developmental transitions, such as those from naive to GC cell or from GC to plasma cell.
Analysis of individual genes showed that many of the relevant changes in gene expression between mouse LZ and DZ cells 17 also detected in humans ( Figure 4A ). These included genes involved in cell cycle progression (eg, cyclins D2/D3/A2/B1/B2, and AURKA), cell surface molecules and receptors (eg, CXCR5, GPR183, and SLAMF1), genes involved in DNA editing (eg, AICDA, POLH, and LIG4), regulators of apoptosis and cell death (BCL2LA1, BIM, and NFKBIA), and several transcriptional regulators (eg, MYC, EGR1-3, and BATF). For a small number of genes, changes in expression between LZ and DZ were not conserved between species. These included genes up-or down-regulated in 1 species and that were equally expressed in the other species (eg, CD44, LMO4, and GPR137B), not expressed or not captured by the microarray probes in the other species (eg, CXCR7, LIFR, and S1PR3), or that were regulated in the opposite direction in mice and humans (eg, CD38; supplemental Figure 3A ). Previous studies have shown that, in humans, AID is expressed at higher levels in the DZ and in CXCR4 hi GC cells. 21, 37 In our gene expression analysis, although AID expression was polarized toward the DZ in both species, the extent of this polarization differed between mice and humans (5.2-fold in humans vs 1.5-fold in mice). Immunohistochemical staining of mouse and human GCs with an anti-AID monoclonal antibody reactive with both species confirmed this trend ( Figure 4B) .
To compare mouse and human LZ and DZ populations at a global scale, we defined stringent LZ and DZ gene expression signatures (full support, 2% delta, see "Microarray analysis") for mice and humans (supplemental Table 4 ). Global comparison of human and mouse signatures (matched by Official Gene Symbol) revealed remarkable interspecies conservation of changes in gene expression between LZ and DZ ( Figure 4C-D) . Of the 69 genes in the mouse LZ signature that differed reproducibly between human LZ and DZ samples (P Ͻ .05 in the human data), 64 (93%) were also up-regulated in human LZ ( Figure 4C) . Similarly, of the 54 genes in the mouse DZ signature that met this criterion, 50 (93%) were also up-regulated in human DZ ( Figure 4C ). Conversely, of the 125 genes in the human LZ signature that differed reproducibly between LZ and DZ in mouse (P Ͻ .05), 115 (92%) were also up-regulated in mouse LZ ( Figure 4D ), and of the 152 genes in the human DZ signature that met this criterion, 130 (86%) were also up-regulated in mouse DZ ( Figure 4D ). To determine the significance of this similarity, we carried out GSEA 30 overlaying mouse signatures on human data and vice-versa (supplemental Figure 3B ). This analysis confirmed the strong correspondence between mouse and human GC compartments, with enrichment scores ranging from 0.70 to 0.82 and P values and false discovery rates uniformly below the minimum detectable by the algorithm (supplemental Figure 3B ). Thus, we conclude that the CXCR4 hi CD83 lo and CXCR4 lo CD83 hi populations in human and mouse GCs are equivalent and that these correspond to DZ and LZ B-cell populations, respectively. Transcriptional regulation 
A gene expression signature for LZ/DZ cells common to mice and humans
Based on the assumption that genes whose changes in expression between LZ and DZ B cells are conserved between species are also probably relevant to GC compartmentalization, we constructed a common LZ/DZ signature (supplemental Figure  4 ). We generated low-stringency signatures for each species (cut-off of 1.33-fold and P Ͻ .05) and used the intersection of the mouse and human signatures (matched by Official Gene Symbol) as a common signature. This signature was composed of 473 genes, of which 290 were up-regulated in the LZ and 183 in the DZ. To investigate which functional pathways were overrepresented in this common signature, we used the GSEA Gene Set Overlaps tool to find significant overlaps between this signature and gene sets present in the GSEA database. This analysis showed evidence of up-regulation in LZ of signatures related to CD40/LMP1 activation, NF-B and c-Myc engagement, and negative regulation of apoptosis (supplemental Table  5 ). In contrast, genes involved in cell cycle regulation, especially mitosis, dominated the DZ signature (supplemental Table  5 ). Up-regulation of these signatures was confirmed on the microarray data as a whole by performing GSEA analysis separately on the human and the mouse data (supplemental Table 5 ). We conclude that the major distinction in gene expression between LZ and DZ B cells in both mice and humans is the up-regulation of activation-related signatures in the LZ and of the mitotic cell cycle program in the DZ.
Gene expression profiles of GC B-cell malignancies resemble those of LZ B cells
The majority of mature B-cell non-Hodgkin lymphomas (B-NHL) are thought to be of GC origin based on phenotypic and genetic evidence. 3, 38 We therefore sought to assess the relationship of the different types of GC-derived B-NHL to the LZ or DZ GC subpopulations based on the similarity of their gene expression programs. To this end, we used 2 different algorithmic approaches to build gene classifiers capable of assigning samples with high confidence to either a LZ or a DZ phenotype. For both classprediction methods (Bluegenes/SPLASH algorithm 22 and Weighted Voting), we used the human LZ/DZ samples (4 ϩ 4) as a training set. We then applied these classifiers to gene expression profiles of B-NHL obtained from our database of cases of GC-derived B-NHL (including pediatric Burkitt lymphoma [BL], follicular lymphoma [FL], and diffuse large B-cell lymphoma [DLBCL], both primary tumors and derived cell lines). For reference, we also applied these same classifiers to previously published gene expression profiles of normal CXCR4 hi and CXCR4 lo GC cells from human tonsils. 37 Regardless of algorithm, the majority of tumors analyzed were assigned to the LZ class with likelihood similar to that of normal CXCR4 Ϫ GC cells ( Figure 5A-B) . All FLs and all but 1 DLBCL were classified as LZ-related, although few cases of DLBCL fell within the low-confidence (Ͻ 95%) intervals of each algorithm. Primary cases of BL were less polarized, although approximately 75% of cases were still assigned to an LZ phenotype ( Figure  5A-B ). This observation is in contrast with a previous study suggesting that all BL cases had a DZ phenotype, 37 which is also a common assumption based on the cell morphology and high proliferation rate of these lymphomas.
DLBCL cases were assigned to a LZ phenotype irrespective of their classification as activated B cell-like (ABC) or GC B cell-like (GCB). 39 Accordingly, genes in the ABC and GCB signatures 39 were randomly distributed across both LZ and DZ phenotypes, suggesting that these signatures measure features substantially different from those involved in LZ/DZ polarization (supplemental Figure 5 ). The assignment of DLBCL cases to a LZ phenotype was lost when DLBCL-derived cell lines were analyzed. Unlike primary tumors, most cell lines analyzed were assigned to a DZ 27 The dataset reported by Caron et al, 37 where tonsillar GC B-cells were isolated according to their surface expression of CXCR4, was used as a validation set. (B) Class prediction in the same B-NHL samples using the SPLASH algorithm within the Bluegenes tool. 22 In this analysis, DLBCL cell lines were included. All DLBCL primary cases and cell lines are coded based on their cell-of-origin classification (ABC/GCB). 39 phenotype (Figure 5B ). This assignment was also independent of the tumor's classification as ABC or GCB, and is probably attributable to selection for cells undergoing high rates of division in vitro.
To better understand the basis for the assignment of most GC-derived B-NHL to a LZ phenotype, we explored the behavior of representative LZ-and DZ-related pathways common to mice and humans (ie, the CD40 and LMP1 signaling and cell cycle/ mitosis/cytokinesis signatures, see supplemental Table 5 ) in primary cases of GC-derived B-NHL. For this, we first identified genes within these signatures that were enriched in human LZ or DZ GC B-cells (ie, that constituted the "leading edge" of each of these signatures, as determined by GSEA). We then grouped these genes into a "compound pathway signature" (supplemental Table  4 ), which we used to perform unsupervised hierarchical clustering. As shown in Figure 5C , clustering of primary cases and cell lines using this approach fully recapitulated the results obtained using the full LZ/DZ signature. This suggests that assignment of most primary tumors to LZ is strongly related to their activation of CD40/LMP1 signatures, whereas the assignment of cell lines and a few cases of BL to DZ is mostly related to their proliferative capacity. Equivalent results were obtained when using gene expression profiles of B cells purified from primary B-NHL tumors, confirming that assignment of primary cases to a LZ phenotype was not because of contaminating cells within the tumor tissue (supplemental Figure 6 ). We conclude that, with the notable exception of a subgroup of BL, most primary cases of B-NHL (FL, DLBCL) resemble LZ B cells in terms of gene expression program, and this is largely because of their expression of the CD40/LMP1 and related signaling response signatures. Loss of these activationrelated programs and increased cell proliferation on in vitro culture is associated with a DZ phenotype.
LZ/DZ signatures underlie the "molecular" definition of Burkitt lymphoma
The distribution of primary BL cases into 2 different phenotypic groups (LZ-and DZ-related; Figure 5A -B) suggests that there is substantial biologic heterogeneity among BL cases. Two previous studies have reported that, within mature aggressive B-cell lymphoma cases with a pathologic diagnosis of BL, global gene expression and genomics analysis could identify 2 different subgroups. At one end of this spectrum were bona-fide mBLs; and at the other end, other aggressive lymphomas also diagnosed as BL based on morphology but with poorer outcomes (non-mBL). 20, 40 We therefore used our common LZ/DZ signature with a more stringent cut-off (1.5-fold rather than 1.33-fold; supplemental Figure 4 , supplemental Table 4 ) to classify a previously described series of 220 cases of aggressive mature B-NHL. 20 For this, we used a "consensus clustering" statistical approach, which allows for the refining of hierarchical clustering analysis by repeated iterations of the clustering algorithm after resampling. 26 This approach identified 2 robust groups of samples (best k ϭ 2 as assessed by empirical cumulative distribution; data not shown), which largely corresponded to DZ-like and LZ-like cases based on their expression of genes in the common signature ( Figure 6A ). DZ-like and LZ-like groups overlapped almost entirely with the mBL and non-mBL categories, 20 respectively, whereas "intermediate" cases were distributed roughly equally between LZ-like and DZ like classes ( Figure 6B) . Accordingly, the previously defined mBL and non-mBL gene signatures 20 were strongly enriched in the DZ and LZ gene programs, respectively ( Figure 6C) . A similar analysis carried out using our compound pathway signature (see "Gene expression profiles of GC B-cell malignancies resemble those of LZ B cells") showed that this resemblance was largely the result of the down-regulation of CD40/LMP1 signatures and up-regulation of proliferation-related genes in mBLs (supplemental Figure 7) . Notably, the c-Myc pathway, which is normally down-regulated in DZ B cells, remained up-regulated in the mBL samples (supplemental Figure 7 ). We conclude that, of all B-NHLs analyzed, mBLs were the only lymphomas to resemble normal DZ cells, although they differ from the latter in that they express high levels of c-Myc-activated genes.
Discussion
The functional and phenotypic distinction between LZ and DZ B cells has been a central issue in GC biology for several decades. In humans, centrocytes and centroblasts were long thought to be distinguishable by their differential expression of the ganglioside CD77 (centroblasts cells being CD77 ϩ and centrocytes, CD77 Ϫ ). 15, 31, 41, 42 However, the gene expression profiles of CD77 ϩ and CD77 Ϫ GC B cells failed to show relevant differences between these populations, suggesting that CD77 expression is incapable of differentiating between LZ and DZ cells. 34, 43, 44 The identification of CXCR4 as a factor necessary for positioning B cells in the DZ 45 led to attempts to use this receptor as a marker of DZ cells in humans. 37 evidence for the polarization of CXCR4 in human GCs remained correlative, and attempts to use this marker to demonstrate polarization by histology were unsuccessful. 37 By combining CXCR4 and CD83 staining in human GCs, we were able to resolve 2 populations of cells within the CXCR4/CD83 continuum, by flow cytometry and histology, which are equivalent to those found in mouse LZ and DZs. Comparison of the gene expression signatures of LZ and DZ B cells in human and mouse showed remarkable interspecies conservation. For example, cell cycle-associated genes (with the notable exception of cyclin D2) are up-regulated in the DZ, and genes associated with cell activation (eg, EGR1-3, MYC, and NFKBIA) are induced in the LZ. More importantly, global analysis of the changes in gene expression signatures across species showed that genes that changed between the 2 zones in 1 species were likely to be modulated in the same direction in the other species. This not only allowed us to define a conserved set of genes that is likely to be relevant to LZ/DZ segregation but also validates the use of the mouse as a model for the analysis of subtle aspects of gene regulation in human GCs. Moreover, in addition to being conserved across species, these differences are also conserved in different types of GCs. Whereas the mouse GCs we analyzed were synchronized, acute responses to immunization, human tonsil GCs are chronic and probably result from simultaneous or overlapping GC reactions within a GC structure that is recycled 47 in response to different pathogens. We conclude that the set of conserved LZ and DZ genes represents the core circuit that defines these regions of the GC, regardless of species, anatomic location, and mode of antigenic stimulation.
Part of the interest in defining LZ and DZ markers for human GCs is to understand the relationship between GC subpopulations and human B-cell malignancies. 3, 48, 49 We find that most GCderived B-NHL (mainly FL, DLBCL, and a fraction of mostly non-mBL) resemble LZ B cells, largely because of the activity of LZ-associated cellular activation pathways. mBLs are an exception to this rule in that they resemble DZ B cells. However, in contrast to normal DZ B cells, mBLs show "ectopic" activation of gene expression signatures related to c-Myc engagement. The concerted activation of the CD40/LMP1 and c-Myc pathways seen in LZ B cells is therefore uncoupled in mBLs, probably because of the t(8;14) Myc/IgH translocation that is characteristic of this class of lymphoma.
The exquisite polarization of gene programs between LZ and DZ in normal GCs suggests that environmental cues encountered by B cells when moving between GC compartments are determinant for their phenotypic and biologic behavior. For example, signals provided by follicular helper T cells and antigen presented on follicular dendritic cells appear to activate LZ-related pathways. 17 These observations also suggest that microanatomic environment is a primary determinant of the LZ/DZ cell program, which lends support to our proposed notion that normal LZ and DZ B cells are alternating states of a same cell population. Accordingly, we find that culturing GC-derived lymphoma cells in vitro leads to loss of LZ-related signatures, suggesting that immune activation signatures require indeed signals from the in vivo tumor environment, and up-regulation of mitosis-related genes, as would be expected from cells selected for continuous growth in culture. DZ and LZ B cells are usually thought of as 2 distinct populations with a precursor-product relationship. 2, 3 This view was challenged by the prediction, 50 and later demonstration, [16] [17] [18] [19] that GC B cells are rapidly cycling back and forth between the DZ and LZ. These findings both preclude linear differentiation and suggest that LZ and DZ B cells may simply represent different states of activation of the same cell population. Our data strongly support this single-population model. Human LZ and DZ B cells have similar size and complexity and show similar mutation/selection patterns in V H genes. In both mice and humans, differences in gene expression between LZ and DZ cells are highly restricted, especially compared with differences between GC and naive B cells. Rather than differentiation, the documented differences in gene expression suggest a simple alternation between a proliferative mode, in which DZ B cells also up-regulate genes involved in somatic hypermutation, and a "signal-integration" mode, in which LZ B cells are exposed and respond to the selection signals delivered to them in the LZ by follicular dendritic cells and T cells. We would thus like to propose that LZ and DZ phenotypes should be viewed as distinct biologic states of a same cell, rather than as 2 distinct populations. Exchange between these phenotypes would consequently be better described as an oscillation between 2 states than as true differentiation.
